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LABORATORY- Structures

WflC' OF VARIOUS AWIN G CYCLES
0 INOrL T18 NCIo8Tm

ABSTRACT~

Netallographic studies were performed to,- iimatneae the effect
of various annealing cycles on grain size and precipitate morphology in
Inconel 718 nickel chromium alloy.

Test specimens of .Oe0-incb material were overaged at lO
for 30 hours an then annealed 15 minutes at 1500, 1600,1700, 1750, 1800,
1900, 2000,2100, and 2150?.

Before and after aging, the DPH hardness of all material was
determined and photomicrographs at 2501 and 200OX were prepared.

Annealing temperatures of 1500 and 16007 failed to produce
satisfactory results. Annealing between 1700 and 1800 adequately iibsaivee
precipitatelphases so that subsequent aging produces maximm hardness.

Annealing overaged material at 19001 for 15 minutes appears to
completely dissolve precipitate phases without altering precipitation be-
havior during subsequent aging or encouraging excessive grain grovth.

When annealed at temperatures greater thea 1900, exessive
grain growth can be expected. Precipitation behavior during subsequent
aging also appears different with grain bouedar films forming.

PREPAE BY APPROVED N
Test Engineer senior loolaer, Jkterials and

Ne " ,Metallurgical Group
APPROVED BY APPOM
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1. INWflDUMTIN

Inconel 718 is a precipitation hardening, nickel base alloy which
offers excellent strength up to 1200P and good veldability (reference 1).
Noiml composition of the alloy is 52 NI, 19 C', 3 1f, 5 Cb + Th, 0.8 Ti,

0.6 Al, 0.05C, and the remainder iron. Inconel 718 differs from other super
alloys of. its class in that aluminum and titanium are not the principal hard-
ening elements. Instead, it is strengthened by a gama prime type of pre-
cipitate containing a considerable amount of colubium as well as molybdenum,
titanium, and possibly aluminum.

The precipitation hardening reaction of the alloy is relatively

sluggish, a feature of the alloy attributed to relatively slow diffusion
rates of the elements which produce strengthening. This slov aging respome
is of benefit to both fabrication and velding processes. Distortion is

mininized while formability and Veldability can be maintained at high levels
because low annealed hardness Is obtained by air coollng from annealing tem-
peratures.

Inconel 718 is being used and planned for may applications at

NcDannell. Because the principal hardening phase differs from other super-

alloys, precipitation behavior during heat treating should be expected to
differ. At the present time information on the effect of commercial heat
treatments on the precipitate morphology is not available in the literature.
To investigate this factor, etallographic studies were performed to observe
precipitation behavior after annealing at various temperatures.

The approximete formula of the principal strengthening phase in

Inconel 718 is Ni3(Cb, No, Ti). Previous work (references 2 and 3) indicates
the phase to be metastable in nature and possesses a face centered cubic

structure which is coherent with the austenitic matrix. X-ray diffraction
work has shown the lattice parameter of Ni3(Cb, b, TI) precipitate is approx-

imstely 0.8% greater than the matrix which produces the strengthening lattice
strain. The compound has been found to precipitate heavily during aging be-
twem 1300 and IWOF.

Aging for long times or at higher temperatures results in formation

of stable Wi Cb compound with a hexagonal close-packed structure that is non-
coherent w112 the matrix. Formation of Ni3Cb relieves lattice strain and

results in overaging. The compound is comnly observed as a coarse, acicular

precipitate formed after aging long times at temperatures from 1300 to 17007.
It probably dissolves at temperatures in excess of 1850F.

As in most super alloys, the carbon present is tied up by colmbium

and some titanium as (Cb, TI) C. The primary carbide phase occurs as coarse

blocky particles randomly dispersed and relatively insensitive to temperature.

Aome solutioning of (Cb, Ti )c my occur around 2200F and permit reprecipitatio&

during aging as a grain boundary fila. In addition to the primary carblde, TIN

MAC 231U (REV I AUG $11
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is also frequently observed as distinctly angular, randomly dispersed particles
that are not dissolved at temperatures as high as 22501.

Wile not normally observed in wrought Inconel 718, cast material
has been tound to poases additionl phases. A Laves phase, N2 (Cb, T ),Is
comonly observed where N can be nickel, iron, or chrmaiur and nolybdem
my replace columbium and titanium in the radical (Cb, TI). When wrought
materials are solution treated at temperatures in excess 2250F K2 (Cb, Ti)
can be formed by incipient melting at the grain boundaries. In castings,
acicular I3Cb Is observed to occur abundantly around N2 (Cb, Ti) and form
with reatet rapldity than in wrought material. On this basis, it has been

sted that the presence of N2 (Cb, Ti) may hasten the formation of acicular
7'3. Another carbide, Cr7C3, has also been found in cast materials associat-

ed with N, (Cb, Ti) and acicular Ni-Cb. It Is probable that Cr. Ca is formed
only afte? appreciable mounts of c6lumbiun are tied up as X2 (a,, TI) and/or

IMCb. Wile these phases are not normally found in wrought Inconel 718, con-
si oration will have to be given them in evaluating the welding behavior et
the alloy.

This test v-- conducted by the Structures Laboratory, McDonnell
Aircraft Oorporation, during the period 2 July 1962 through 28 September 1962.

2. TT MATUIALB

The material evaluated was Inconel 718 in the form of 0.040-inch
sheet. Ikterial was received in the mill-annealed temper with a pickled
finish.

3. TET SITUP AND FROCEDR

Test specimens 0.040 x .05 x 1.0-inch were sheared from the as-
received material. Except for retaining a sample of as-received material,
all specimens were "overaged" at 1&007 for 30 hours.

To determine the extent to which various annealing temperatures
would eliminate the overaged structure, duplicate specimens were annealed

15 minutes at 1500, 1600, 1700, 1750, 1800, 1900, 2000, 2100 and 2150F. After
annealing the duplicate specimens, one specimen was allowed to cool in still

air, while the other was quenched in water.

All specimens were then sectioned and one-half mounted, DP hard-
ness was determined, and the specimens prepared for metallographic examn-
ation. photomierogrsphs were then prepared of as-received material, over-

aged material, and the overaged mterial which was annealed at the 9 anneal-

ins temperatures.

The same procedure was repeated after aging per PS 15603.

MAC 23
1
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3. TM SIT'UP AND FnOCEDMm (COuT'D.)

Overaging of the material which van subsequently annealed, and
aging of the annealed material were performed in a Westinghouse circulating
air heat-treating furnace.* All annealing was performe in tubular furnaces
normally used for mechanical property determinations. The specimens to be
annealed were dropped into furnaces,at the desired temperature, along with a
dummy specimen containing chroml..lml thermocouples. Annealing time was
assumed to start when temperature of the dum specimen reached furnace
temperature.

DPW hardness vat determined using a Vickers Nicrohardnoss Tooter
and a 10 Xri load.

All specimens were prepared for metaliographic examination using
normal mechanical polishing techniques. The specimens were etched electro-
lytically using an electrolyte of 50cc Nd, 50cc 120, andi A1 ce 3% 1202 with
a platinum cathode andi open circuit potential of 2 volts.

11. REsuLT

Table 1 on page 10 gives the DPI hardness of the material after
the various heating cycles. The same results are shown graphically in
Figures 1.A and lB on pages 11 and 12.* As-received hardness of the material
was DPH 188 or RD 91. Oeraging 30-hours at 111007 resulted in a hardness
Increase to DPI 358 or Rc 39. Annealing at 1700 to 18007 restored the
material to its original hardness of DPH 1841 to 188 or %.90 to 91. Anneal-
ing at 1900? produced slightly lover annealed hardness (DPI 179 to 180 or
Hp 89) while annealing at IM0 to 2150? produced significantly lower annealed
hardness (DPI 151 to 15T or R3 76 to 77). Water quenching or air cooling
the .0110-inch material from annealing temperatures, failed to produce any
significant variation in hardness.

Aging the annealed material produced similar results.* As-received
material aged to a hardness of DPI 4138 or PC 116. The overaged material also
increased in hardness after aging to DPW 1101 or N~ 43. Material aged after
annealing at 1700 to 1900? possessed hardness of DPI 1132 to 4412 or Mc 6, which
Is equivalent to the as-received material. Notarial annealed at 2000 to 2150?
had a slightly lover hardness after aging, ranging from DPI 1127 to ii33 or
Rc 113. However, considerable scatter exists in these results due to the
coarse grain size which prevailed. Annealing mt 1500 or 1600? appears ussat-
isfactory. hardness remains at intermediate values between that of bv~'aseg
and as-receivedl iiterial in both the annealed and aged conditiomls.

Figure 2 on page 13 shows the microstructure of as-received material
2501 and 2000Z.

Figure 3 on page 111 shows equivalent microstructaeos of material
overaged for 30-hours at 14"00.

MAC IJIU (ACV t AUG 41)
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icroetructure of the material after the various ownealing and
subsequent aging cycles are shown in:

Figure Pe Annealing Temperature

4and 5 15- l6 1500
6 and 7 1718 1600
8 and 9 19-20 1700
10 and I1 21 -22 1750
12 and 13 23- 24 1800
14 an 15 25 -26 1900
16 and 17 27 -28 2000
18 and 19 29 - 30 2100
20 and 21 31 - 32 2150

Figures 22 and 23 on Pages 33 and 34 show the microstructure at 25X
of specimens aged after being annealed at 1800, 1900, 2000, 2100, and 2150F.
Comparison of these photomicrographs shows the grain growth occurring after
annealing at temperatures in excess of 1900F.

Average grain diameter of the material annealed at 190OF or b4ov
was 0.025 to 0.035 ms. Annealing at higher temperatures resulted in average
grain diameters of 0.120 mm after 2000F, 0.150 etfter 2100F, and 0.150 to 0.200
after 2150F.

5. DISCUSSION OF RESULTS

In the mill-annealed condition, the microstructure of Inconel 718
consists of equiaxed grains shoving extenwive tWinning which is characteristic
of the austenitic matrix. The primary carbides, (Cm, Ti)C, can be observed as
randomly dispersed particles. Also observable are networks of apparently
spherical particles which seem to transcend the present equiazed structure but
delineate grain boundaries in a previous deformed structure.

Overaging 30 hours at 1400F results in precipitation that produces
appreciable shading within the grains and visible precipitation at the grain
boundaries. These effects are probably visible evidence of Ni 3Cb formation.

Annealing the overaged material 15 minutes at 1500F removes sme of
the shading from inside the grains, although it subsequently returns after aging,
and Induces coarser ag 2*m~ation of Ni 3Cb at the grain boundaries.

Annealing 15 minutes at 1600F removes most of the shading from the
grains, although it again returns after aging, and produces extremely coarse,
acicular agglomeration of Ni3Cb at the grain boundaries.

MAC 23IU 101V I AUG 611
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5. DDrSCMIO OF MOM" (COu''D.)

katerial mealed from 1700 to 18 and the as-received material show
essentially the sam structure when observed on the optical metallograph.
All shading within the grains appears eliminated, even after subsequent aging,
and the networks of mall particles again can be observed to wander through
the present structure. Appreciable amunts of coarse Ni3Cb precipitate can
still be observed at the grain boundaries. The size and amount of the NioCb,
precipitate appears to decrease slightly as annealing temperature increases
from 1700 to 180oF.

Annealing at 1900F for 15 minutes appears to eliminate any coarse
grain boundary precipitation of N1 Cb. The networks of smll particles through
the structure still remain along with (Ob, Ti) C and som TiN.

Annealing at 2000 and 2100? for 15 minutes results in appreciable
grain growth in the material. Except for the (Cb, Ti) C and TIN, all phases
observable optically appear to have been completely taken in solution. Sow-
ever, subsequent aging produces visible precipitation at grain boundaries.
This could be reprecipitation of the phase observed as the wandering networks
in material annealed at 1900? and below. Annealing at 215(W produces notice-
ably heavier visible precipitation at grain boundaries after aging. In addition
to the effects noted in material annealed at 2000 and 2100?, the 2150? aneal
might parti lly dissolve the (Cb, TI) C and redeposit it as films along grain
bounaries and at twin bands.

6. COECUMONS

Annasling aged Inconel 718 from 1700 to 1800F for 15 minutes will
dissolve sufficient Ni3Cb precipitate to allow subsequent aging to maximum
hardness. While some coarse precipitate may still remain in the microstructure
it does not appear to occur in sufficient quantities to affect mechaical
properties and may serve a useful purpose by inhibiting grain growth.

Annealing aged Inonel 718 for 15 minutes at 19001 appears to complete-
ly take into solution all coarse 313Cb present without affecting precipitation
behavior during subsequent qing, or encouraging grain growth.

Excessive grain growth may be expected If annealing temperatures
exceed 190, and subsequent precipitation behavior during aging may be alter-
ed enough to deleteriously affect mehanical properties.

No variation in hardness or microstructure was found to result from
air cooling or water quenching fr annealing temperatures.

7. MOcUmM TIos

An attempt should be mae to identify the random networks observe

in the microstructures, as well as the grain boundary precipitation resulting

MAC 21IU {REv I AUI, OIl
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7. RECONMNIITIONS (CRT'D)

from annealing temperatures in excess of 2000F. It would also be desirable
to determine the effect of high temperature annealing cycles on ductility
of the alloy. More knowledge in these areas will aid in understanding the
welding behavior of the alloy.

MAC 231U (REV I AUG I1)
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LIST OF IQUIPHMT AND INSTRUMENTS

quiapment and instruments used in this test are listed belo,.
Applicable calibration records are available for inspection.

Item Manufacturer and Model No. Laboratory Number

AiWU'ICreep Testing Arcweld Manufacturing Company USN 000091
Furnace

Marshall Testing L. H. Marshall Products
Furnace 3000°F Tubular Furnace

S/N 520383R

Vickers Microhardness Riehle Testing Machine USN 703040
Tester S/N R9365

MAC 231U [REY I AUG $I)
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(1) J. F. Barker, "A Superalloy For Medium Temperatures", metal Progress,
Vol. 81, No. 5, YWY, 1961

(2) M. Kaufmn and A. Z. Palfy, "The Phase Structure of Inconel 718 and 702
Alloys", Trans. AIM, Vol. 221, December, 1961

(3) J. F. Barker, "Inconel 718 Phase Study Review", PM 61-183, General
Electric Ccpany, July 6, 1961
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Microstructure After Aging 30 Hours at 14OOF
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Microstructure After Annealing 15 Minutes at 160OF
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Microstructure After Annealing 15 Minutes at 1600F
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Microstructure After Annealing 15 Minutes at V'OQF
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Microstructure After Annealing 15 Minutes at 19c0F
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Mlcrostructure After Annealin 15 Minutes at 2150F
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TIu E AWI OF VARIOUS A INELI. C -CLES ON INCOM, 718

MICROS!IUC JURE

A3ABTMR Olt Dt. RESPOWDILE POE MODUl

T[' PAWTS ON48 i ON YK No -
PR)OM4 HCTI PARTS FOR TEST NOT REQUIRED [] None

OK for IDEP WORK REQUESTED (Ni-4)(I-e)(IV-e)

OBJECTIVE ar aup or o UTn, w= m DATA umn
iHCUhl S HI1aani AND Me lIOmo IWOSMATIOC

1.0 OBJECT

To investigate the effect of various annealing cycles
on grain size and precipitate morpholoy in the nickel-
chromium alloy Inconel 718.

2.0 HISTRY

Inconel 718 is being used and planned for many
applications at MAC. The alloy normally requires
annealing and aging heat treating cycles during
fabrication and cycles used have been based on
recommendations from the International Nickel Co.
and internally generated mechanical property data.

3.0 JUSTIFICATION

Metallographic studies of Inconel 718, subjected to
various annealing cycles, will provide background

information needed to deviate, if necessary, from
normal annealing cycles when difficulties are
encountered during fabrication.

4.o MATERIALS

38 pieces - 0.040" x 0.5" x 1.0" nickel-chromium

alloy, Inconel 718, cold rolled, annealed,
temper, pickled finish (Material available

from previous procurement)

REFERENCES OR ENCLOSURES A

Applcable to IDEP unless final report is classified. Rem

port Summary Sheet, MAC lO08TRS required. Complete Report

Summary Sheet and forward along with vellum copy of com-

plete report to MAC IDEP Coordinator Dept. 261, Bldg. 3.
/ 'a/
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*5.0 IDENTIFICATION

Identify, by steel stamping, all pieces from 4.0 as follows:

5.1 Al, A2 (2 specimens, to be examined as overaged)

5.2 Bl, B2, B3, B4 (4 specimens, 1500F anneal)

5.3 Cl, C2, C3, C4 (4 specimens, 1600F anneal)

5.4 Dl, D2, D3, D4 (4 specimens, 170OF anne..)

5.5 El, E2, E3, E4 (4 specimens, 1750F anneal)

5.6 H1, H2, H3, H4 (4 specimens, 180OF anneal)

5.7 1, K2, K3, K4 (4 specimens, 1900F anneal)

5.8 L1, 12, L3, L4 (4 specimens, 2000F anneal)

5.9 M1l, M2, M3, M4 (4 specimens, 2100F anneal)

5.10 P1, P2, P3, P4 (4 specimens, 215OF anneal)

6.0 BEAT TREATMENT (All temperatures t 25F)

6.1 Overage all specimens from 5.0 by furnace heating at 1400F for 30 hours,
air cool.

6.2 Anneal the B specimens from 5.2 at 150%F for 15 minutes. Air cool 1 and 2;
water quench 3 and 4.

6.3 Repeat 6.2 with C specimens using 160OF anneal.

6.4 Repeat 6.2 with D specimens using 1700F anneal.

6.5 Repeat 6.2 with E specimens using 1750F anueal.

6.6 Repeat 6.2 with H specimens using 1800F anneal.

6.7 Repeat 6.2 with K specimens usinL 1900F anneal.

6.8 Repeat 6.2 with L specimens using 2000F anneal.

6.9 Repeat 6.2 with M specimens usinC 2100F anneal.

6.10 Repeat 6.2 with P specimens using 2150F anneal.
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TEST 'REQUEST NO. 513-336

7.0 METALLOGRAPHIC EXAV1INATION

7.1 Send all specimens identified with l's and 3's to L. FlanijLan, Dept. 272,

Bldg. 33.

7.2 Section and irepare for metallographic examinationiby electrolytic etching

only)all specimens identified with 2's and 4's.

7.3 Prepare photomicrographs (highest magnification available) of all mounts

from 7.2 showinC the microstructure resulting from each thermal treatment.

7.4 Determine grain size of all specimens from 7.2 in accordance with ASTM

standards.

7.5 Compare the relative quantities of grain boundary precipitate observed in
all specimens from 7.2 using the over-aged sample (A2) as a reference.

(Use optical metallographic technique)

7.6 Compare the relative quantities of intragranular precipitate of all

specimens from 7.2 using the overaged sample (A2) as a reference.

7.7 Resolve and compare the precipitated phases as completely as possible

using optical metallographic techniques.

8.0 DATA REQUIRED

8.1 Actual heat treat cycles

8.2 Photomicrographs of all specimens examined

8.3 Grain size of all specimens per ASM,! standards

3.4 Relative quantities of precipitates as compared to the "over-aged only"

specimen (A2), percent remaining

8.5 Comparison of precipitated phases


